A high density, full azimuth, multicomponent survey was designed, acquired and processed in the Mississippi Lime play of north-central Oklahoma. Processing was carefully performed in order to quantify compressional and converted wave anisotropy. A large suite of log controls enabled calibration of the seismic data and attributes to rock properties. Analysis of the PP anisotropy at well control confirmed that high Vfast velocities combined with low anisotropy indicates relatively low fracture density. Conversely, lower Vfast velocity combined with relatively high anisotropy indicates higher relative fracture density. Analysis of PS anisotropy demonstrates that the predominant anisotropic signature present in PS data relates to regional maximum horizontal stress (σ h-max ). However, birefringence can be detected by the use of the transverse component of PS data. Areas with high amounts of transverse energy correlate to higher fracture density. Therefore, by using both PP and PS velocity anisotropy, operators can high-grade fracture density within prospects whose production is known to be driven by the presence of natural fractures.
Introduction
This paper showcases the benefits of multi-disciplinary data integration and reservoir characterization within a data-rich prospect. The prospect is a tight limestone reservoir (the Mississippi Limestone) overlying an organic calcareous mudstone (the Woodford Shale) in north-central Oklahoma. The base data set is a 180 sq mi high density, full azimuth, multi-component survey that was designed, acquired and processed using a VectorSeis Nodal acquisition system (Constance, et al., 2015) . Processing was carefully performed in order to quantify compressional and converted wave anisotropy (Schapper, et al., 2009; Simmons, 2009 ). The last step was a reservoir characterization that integrated rock and fracture properties with a full suite of calibration data from multiple wells, including vertical and lateral FMI logs, mudlogs, Sonic Scanners, chemical tracer in the laterals, completion results and microseismic data.
In this paper we describe the results of our analysis of seismic anisotropy within a portion of this data set. This area surrounds a vertical saltwater disposal well (George 1-23 SWD) and two laterals (George 23-1H and 23-2H).
Seismic Anisotropy
Both P-waves and S-wave converted energy (PS waves) are sensitive to anisotropy, which causes both kinematic (travel-time) as well as dynamic (amplitude) variations. These variations can occur because of layered stratigraphy, which causes vertical transverse isotropy (VTI), as well as parallel sets of vertical fractures, which causes horizontal transverse isotropy (HTI). In modern full-azimuth land data VTI effects are typically removed by anisotropic migration algorithms. Therefore, we will restrict our discussion below to HTI anisotropy. Further, we will only consider kinematic travel-time effects on the velocity field, leaving dynamic amplitude effects (AVAZ) to another discussion. P-Wave Anisotropy: Seismic P-wave energy travels faster parallel to fractures and slower perpendicular to fractures, provided the fractures are not cemented (i.e. open) and especially if they are filled with fluids. Therefore, under these circumstances, azimuthal gathers will show decreased travel-time in the direction of fractures and increased travel-time perpendicular to fractures (Schapper, et al., 2009) . The azimuth of fracturing can thereby be determined and the difference between Vfast and Vslow directions (known as PP velocity anisotropy) is proportional to fracture density. This anisotropy can be calibrated with fracture logs, thus giving an aerial fracture density map.
However, several conditions can interfere with this calibration. First, fracture fill and cementation can vary across an area and this will change the response of the anisotropy. Second, many geologic basins contain multiple sets of vertical (or nearly vertical) fractures at different orientations. This violates the HTI assumption. It leads to a decrease in Vfast velocity because all azimuths then may encounter fractures, thereby reducing P-wave velocity in all directions. It also will lead to a decrease in PP anisotropy for the same reason. However, on the positive side, this effect can be detected by co-rendering Vfast and PP anisotropy; if both of these decrease then it is possible that orthorhombic fracture symmetry (multiple orthogonal vertical fracture sets) is being encountered. Third, layer lithology can vary across the area, meaning that the magnitude of Vfast can change due to a cause totally unrelated to fracturing. Fourth, principle stress variations are known to cause changes in velocity anisotropy, meaning that we now have two factors unrelated to fracturing that can cause variations in velocity anisotropy.
Applying these principles to the study area in the vicinity of the George well pad, it is apparent there are distinctly different conditions on either side of the major NE-trending fault to the east of the well pad (center of Figure 1 ). To the east of the fault the anisotropy is higher (3-8%) and a large portion of the azimuths are in an easterly direction (which is the orientation of σ h-max ) although there is significant local variation, presumably in response to local fracturing. In addition, the Vfast velocities are lower in magnitude (16000-18000 ft/sec in areas adjacent to the fault) than on the west side of the fault (up to 20000 ft/sec). However, to the south of the southern lateral in the pad the velocities decrease to 15000 ft/sec along with an increase in anisotropy. The situation on the west side of the fault, therefore, seems to indicate that fracture density is low over much of the region except for the area to the south of the southern lateral. This correlates well with data from an FMI log in the lateral wellbore, which shows fracture density at the heel of up to 5 fractures/ft, gradually decreasing towards the toe to 1 fracture/ft or less (Figure 4 , left panel).
PS-Wave Anisotropy:
PS converted waves (known as Cwaves) are especially sensitive to subsurface fractures in that both travel-time and polarization are affected (Simmons, 2009) . Vertical fractures cause the propagating shear waves to be polarized into a fast shear wave (S 1 ) parallel to the fracture strike, and a slow shear wave (S 2 ) perpendicular to the fracture strike. Thus, upon propagation through an anisotropic medium a shear wave will be split into a fast component and a slow component and will accumulate delay times between these two components as they pass through this media (Crampin and Chastin, 2003) .
The splitting estimation (and subsequent compensation) operates on radial and transverse azimuth gathers. Normally, all energy resides on the radial component (which is the source-receiver orientation). However, in the presence of subsurface HTI fractures C-wave reflection energy polarizes onto the transverse component and azimuth dependent, pseudo-sinusoidal travel-time variations are introduced into the radial component. Energy transferred into the transverse component has amplitudes that reverse polarity at 90° intervals, which correspond to azimuthal nodes on radial component sinusoids (Simmons, 2008) . The time separation of the fast and slow C-wave polarization is typically much greater than P-wave anisotropy (travel time variations) although complex surface statics, complex (orthorhombic) fracture patterns, slow velocities, and other processing issues can cause Cwave images to degrade.
Within the survey area, C-wave anisotropy azimuth is predominantly easterly, although 10°-20° of northward deviation is common (Figure 2 ). Given that σ h-max is almost due east, the east-northeast deviation of C-wave anisotropy can be assumed to reflect northeasterly-oriented faults and fractures associated with the large regional fault in this vicinity (center of Figure 2 ). This azimuth data seems to indicate that C-wave anisotropy in the survey area primarily responds to regional stress and is only secondarily affected by fracturing. However, before that conclusion is reached we point out that the magnitude of anisotropy (travel time variations) as detected and removed by splitting estimation and compensation (indicated by vectors in Figure 2 ) is about 6-8 msec, reaching about 15 msec in only one area. On the other hand, the magnitude of transverse energy present in the Mississippi Lime section is between 20-45 msec. This is a considerable difference and indicates that the HTI assumption, or perhaps the velocity model used in the processing of this data, is only partially valid, representing only about 25% of the energy that has been transferred to the transverse section.
So, therefore, the best measure of shear anisotropy in this area would appear to be the transverse data. In section view, this data clearly shows a large amount of energy (amplitude) in the Mississippi Lime layer (up to 40-50 msec of differential travel-time) with some of that energy also in the Woodford layer (Figure 3 ). Aerially this energy is not uniform, with concentrations of transverse energy generally to the south and west of the George well pad (Figure 2 ). Given the theory outlined above regarding the mechanism by which energy is transferred from a radiallypolarized orientation to a transversely-polarized orientation, we might conclude that significant variations in fracture density exist in this area. Calibration with FMI substantiates this. The vertical FMI has fracture density averaging 14-18 fractures/ft within the Mississippi Lime which correlates to PS transverse energy magnitudes of about 42-44 msec (Figures 3 and 4) . The lateral FMI has fracture density in the heel of about 3-5 fractures/ft (~34-36 msec) and 1 fracture/ft in the toe (~26-30 msec).
Conclusions
Seismic anisotropy is an important contributor to unconventional reservoir characterization. It allows the identification and quantification of fractures and/or stress to be made away from well control, allowing decisions to be made about favorable areas to drill within a prospect. In this case, FMI and Sonic Scanner calibrated with both PP and PS seismic anisotropy, allowing interpretation of attribute responses that indicate greater or lesser fracture density in the reservoir unit. Figure 3 . Top colorbar is anisotropy magnitude from PS anisotropy estimation (0-14 msec of differential travel-time), lower colorbar is PS transverse energy in amplitude units. Note transverse energy magnitude is somewhat different than anisotropy magnitude. This is because anisotropy estimation was calculated using an HTI assumption which leaves a significant amount of birefringence unaccounted for. 
